Eccrine sweat glands in the mouse are found only on the footpads and, when mature, resemble human eccrine glands. Eccrine gland anlagen were first apparent at 16.5 days postconception (DPC) in mouse embryos as small accumulations of cells in the mesenchymal tissue beneath the developing epidermis resembling hair follicle placodes. These cells extended into the dermis where significant cell organization, duct development, and evidence of the acrosyringium were observed in 6-to 7-postpartum day (PPD) mice. Mouse-specific keratin 1 (K1) and 10 (K10) expression was confined to the strata spinosum and granulosum. In 16.5 and 18.5 DPC embryos, K14 and K17 were both expressed in the stratum basale and diffusely in the gland anlagen. K5 expression closely mimicked K17 throughout gland development. K6 expression was not observed in the developing glands of the embryo but was apparent in the luminal cell layer of the duct by 6 to 7 PPD. By 21 PPD, the gland apertures appeared as depressions in the surface surrounded by cornified squames, and the footpad surface lacked the organized ridge and crease system seen in human fingers. These data serve as a valuable reference for investigators who use genetically engineered mice for skin research.
The eccrine sweat gland is an epidermal appendage that can be described as a long-branched tubular structure consisting of a highly coiled secretory portion and a relatively straight ductal portion that carries secretions to the skin surface ( Figs. 1-3 ). The coiled secretory portion and proximal duct are located in the dermis, whereas the distal duct ultimately traverses the epidermis as a tortuous structure referred to as the acrosyringium 32, 44 that terminates in a round aperture at the skin surface. 7 The microscopic appearance of fully developed eccrine sweat glands in humans and mice is strikingly similar. 15 Human eccrine glands exhibit basal clear cells and superficial dark cells lining the secretory portion of the gland. The clear cells secrete the major portion of sweat, which is water and electrolytes, whereas the dark cells secrete periodic acid-Schiff (PAS)-positive glycoproteins. 7 By contrast, studies of the mouse eccrine gland reveal only one type of cell lining the secretory region, 28 exhibiting characteristics most consistent with clear cells. Mouse sweat is higher in potassium when compared with other species, 31 but whether this correlates to the presence of only one cell type is not known. A third type of cell found in the secretory region that exists in humans and mice is the myoepithelial cell, whose function is not completely understood. There is some speculation that myoepithelial cells might protect the secretory cells from overdistention. 7 They might also serve to extrude secreted contents of the glands. 22 In the developing human fetus, the eccrine sweat gland anlagen is evident as early as 15 weeks of development, with the most mature structures observed on the toes and fingers and the least mature on the trunk. 21 At 22 to 24 weeks of development, the eccrine glands have a structure similar to that seen in adults; 21 they are functional by the end of the second trimester. 9 The full complement of eccrine glands is present in the human at birth, and there is no new development afterward. 5 The density of eccrine sweat glands in human skin varies throughout the body. They are most numerous on the soles and the forehead and least numerous on the trunk and extremities. 5 Eccrine glands serve a very important thermoregulatory function in humans but also respond to emotional and gustatory stimuli. 7, 14 In other mammals that have been studied such as cats, mice, and rats, eccrine glands are found only on the footpads. Because of the limited distribution of the glands in these species, it is unlikely that they serve any thermoregulatory function. It appears instead that they secrete sweat to increase traction for improved mobility and greater tactile sensation in the foot. 11, 37 Eccrine sweat glands are innervated by sudomotor nerve fibers, which are sympathetic nerve fibers using acetylcholine as the principle neurotransmitter. 7 In mice, it was found that a single sweat gland can receive multiple innervations. 28 In humans, dysfunction of the eccrine glands is placed into one of the following 3 general categories: (1) excessive sweat production (hyperhidrosis), (2) decreased sweat production (hypohidrosis), and (3) absence of sweat production (anhidrosis). 4 There is evidence in mice and rats that eccrine gland function is dependent on aquaporin 5 (Aqp5) expression, 25 and misexpression might be one mechanism for eccrine gland dysfunction. These disorders typically arise secondary to other disease processes. 4, 44 Eccrine gland morphology is altered in human patients with chronic renal disease, Down syndrome, and tetralogy of Fallot. 34 There is also a class of diseases termed the anhidrotic ectodermal dysplasias, some of which result in a complete absence of eccrine glands in affected individuals. 10 Cystic fibrosis (CF) causes an alteration in the electrolyte composition of eccrine gland sweat that has become one diagnostic criterion for the disease. 44 There are also many types of benign and malignant neoplasms arising from eccrine gland tissue in humans. 43 These neoplasms are believed to be relatively rare, although many feel the current classification system is inadequate, making true incidence obscure. 41 The advent of genetically engineered mice (GEM) and their widespread use in biomedical research has prompted great interest in the phenotypes arising from induced genetic mutations. It is therefore important that investigators examine as many anatomical structures as possible when new GEMs are discovered or created. Many anatomical tissues that might exhibit abnormalities in structure or function resulting from genetic manipulation often go undocumented. Examples are the eccrine glands in the feet of GEMs, which are often neglected unless nails are severely deformed. Consequently, abnormalities in eccrine sweat gland structure are often incidental findings described only when investigators evaluate nails. Although these glands are documented and analysis is described in routine necropsy protocols, 29, 33 eccrine glands are seldom evaluated when searching for phenotypic deviations resulting from genetic manipulation. Classic mouse models where this gland is affected include the phenotypic mimics crinkled (Edaradd cr-2J ), downless (Edar dl ), sleek (Edar sl ), and tabby (Eda Ta ), the latter of which is homologous to the human gene encoding ectodysplasin-A (EDA). 36 These mutant mice all have the same phenotype due to mutations in the cascade of receptor-ligand interactions, resulting in complete absence of eccrine glands, which phenocopies some types of anhidrotic ectodermal dysplasia in humans. 2, 39 Mice that are deficient in the gene encoding for the cytoplasmic adaptor protein tumor necrosis factor associated factor 6 (Traf6 tm1Jino ) fail to develop eccrine sweat glands and exhibit a phenotype consistent with hypohidrotic ectodermal dysplasia. 24 Transgenic mice expressing the simian virus 40 large T antigen develop mixed tumors of the eccrine glands and might serve as a useful model of heterotopic bone disease affecting humans. 16 Even considering these reports, there is little in the literature addressing eccrine gland development and structure in either GEMs or wild-type mice, and thus it is important that these structures be examined when characterizing the phenotypes arising from new genetic mutations.
The objective of this study was to characterize the anatomical structure and normal expression patterns of selected proteins in the mouse eccrine gland during the embryonic, neonatal, juvenile, and young adult stages.
Materials and Methods

Mice
Inbred C57BL/6J (JR# 664) mice were obtained from production colonies of The Jackson Laboratory (Bar Harbor, ME). Females were observed each morning for the formation of a copulatory plug (0.5 days postconception [DPC]), then housed with other pregnant females at the same stage. At days 13.5, 14.5, 15.5, 16.5, 17.5, 18.5, and 19.5, DPC embryos were collected for tissue processing. Embryonic time points studied correspond to Theiler stages (TS) 22, 23, 24, 25, 26, and then 2 days beyond as TSs are not defined beyond 17.5 DPC (TS 26). 12 Parturition typically occurred between 18.5 and 19.5 days of gestation. Newborn mice were designated as ''day 0'' individuals. To examine gland development in the postnatal period, tissues from 0-and 1-day-old mice (designated the ''neonatal'' group) and 2-, 3-, 4-, 5-, 6-, 7-, and 21-day-old mice were also studied. For all time points, tissues from a minimum of 2 animals were collected and processed for examination. All mice and methods used in this study were included in a protocol approved by The Jackson Laboratory's Institutional Animal Care and Use Committee (IACUC).
Mouse Tissue Collection and Preparation for Histology
Embryos were fixed in Fekete's acid alcohol formalin and then transferred to 70% ethanol. Tissues were embedded in paraffin, and serial sagittal sections were made with every fifth section stained with hematoxylin and eosin (H&E) to identify optimal sections. A subset was stained using the PAS reaction.
Mouse Tissue Immunohistochemistry
Unstained tissue sections cut from paraffin blocks were processed routinely 30 using mouse-specific affinity-purified rabbit polyclonal antibodies directed against terminal differentiation proteins well defined in normal adult mouse skin (mouse keratins K1, K5, K6 [KRT6A, KRT6B, KRT71-KRT75], K10, K14, K17, filaggrin [FLG], loricrin [LOR], involucrin [IVL], and smooth muscle actin [actin, alpha 2, smooth muscle, aorta ACTA2; hereafter referred to as smooth muscle actin or SMA]). Sources and specific methods are described in detail elsewhere (http://tumor.informatics.jax.org). 20 Diaminobenzidine was used as the substrate.
Tissue Preparation for Scanning Electron Microscopy
Tissues were fixed overnight at 4 C in 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.2). After rinsing the tissues several times in PB, they were postfixed in 1% osmium tetroxide in PB for 48 hours at 4 C, dehydrated in a graded series of ethanol, and dried. Samples were mounted and sputter-coated with a 4-nm layer of gold. The volar surfaces of footpads were examined at 20 kV at a working distance of approximately 15 mm on a Hitachi S3000N VP Scanning Electron Microscope (Hitachi Science Systems, Ltd, Tokyo, Japan). 1
Results
Mouse Eccrine Gland Embryological Development and Protein Expression (13.5-18.5 DPC)
The eccrine gland anlagen were not found in 13.5 to 15.5 DPC embryos. Evidence of eccrine gland anlagen was first observed in 16.5 DPC embryos ( Fig. 7) . These appeared as small, well-organized accumulations or invaginations of cuboidal cells just beneath the developing basal cell layer of the epidermis (Figs. 6-9) similar to placodes seen in developing hair follicles. 26 At this early stage, anlagen were difficult to find consistently in all tissue sections analyzed. By 18.5 DPC, these areas became progressively more organized and appeared to extend deeper in the mesenchymal tissue of the footpad. Some cell accumulations appeared to be separate from the epidermal basal layer, possibly representing early development of the secretory region ( Fig. 8 ). There was some evidence of duct development at 16.5 DPC, although this was not consistently found. Duct regions were more readily observed in 18.5 DPC tissues (Fig. 8 ). The glands could be observed consistently in all 18.5 DPC tissue sections analyzed, which possibly reflects an increasing density with age.
The overall keratin expression patterns were similar in footpads from both the 16.5 DPC and the 18.5 DPC embryos. Antibody to K1 strongly labeled the stratum spinosum and stratum granulosum layers of the epidermis in both the 16.5 and 18.5 DPC embryos but did not label the eccrine gland anlagen to any degree ( Fig. 6 ). Patterns for K10 were similar to K1 (not shown). K5 and K14 are commonly coexpressed in the skin. This was also the case for the eccrine gland anlagen. The patterns for K5 and K14 were similar at both 16.5 DPC ( Fig. 7 ) and 18.5 DPC (not shown) time points. K14 and K5 expression was prominent in the stratum basale of the epidermis and was equally prominent in the gland anlagen (Figs. [6] [7] [8] [9] . There was light expression of K17 in the stratum basale and in the central area of the gland anlagen in the 16.5 DPC embryo (not shown). The pattern for K17 was similar at 18.5 DPC ( Fig. 8 ) but was significantly higher than levels at 16.5 DPC. Within the gland anlagen, the K17 signal was stronger in the more distal portion of the presumptive duct ( Fig. 8 ) than it was in the proximal portion, the region that might represent the developing secretory units of the gland. K6 was detected in neither the epidermal layers nor the developing gland. Smooth muscle actin, which labels myoepithelial cells and vascular smooth muscle, 19 was evident in small vessels but not the eccrine gland anlagen ( Fig. 17 ). LOR, FLG, and IVL expression was limited to the epidermis of the footpad and skin but not expressed in eccrine glands at any stage of development (not shown). This pattern of expression for LOR, FIL, and IVL (ie, solely in the epidermis) remained constant throughout development; therefore, data pertaining to these proteins are not presented. SMA expression at this stage was limited to vascular smooth muscle ( Fig. 18 ).
Eccrine Gland Structure and Protein Expression in the Neonate (0-2 PPD)
At birth, the eccrine glands were significantly more advanced in structural development when compared to 18.5 DPC embryos, indicating that rapid organization had occurred during a relatively short period of time. At this stage, there was clear evidence of early duct formation (Figs. [10] [11] [12] . Many of these regions appeared as chords of poorly organized, primordial cells extending from the proximal termination of the forming gland in the dermis to the basal layer of the epidermis. In most cases, these duct-like structures were 2 to 4 cells in thickness, and there was no evidence of lumen formation (Figs. [10] [11] [12] . Also, the proximal extent of the developing gland expanded into a bulbous formation that is likely the earliest development of the secretory coils (Figs. [10] [11] [12] .
There were no significant changes in keratin expression patterns in the epidermis or in the developing gland for the neonate when compared to the embryonic time points. K1 and K10 expression remained confined to the stratum spinosum and granulosum (not shown). K14 was diffusely and strongly expressed throughout the stratum basale and developing gland, which was similar to the pattern for K17 (Figs. [10] [11] [12] . K17 expression intensity, however, appeared to be slightly less than K14. The expression pattern for K5 closely resembles that of K14 and K17 with respect to the epidermis (Figs. [10] [11] [12] . In the developing eccrine gland, K5 expression appears to be less than K14 and K17 and is restricted to approximately the distal onethird of the duct as it enters the epidermal layer ( Fig. 11 ). Low levels of SMA expression were evident in the 1-day-old neonate, but the pattern was inconsistent and sparse within the dermal layer (not shown), suggesting the earliest differentiation of myoepithelial cells associated with secretory units was occurring. There was no evidence of K6 expression in the neonate (not shown).
Mouse Eccrine Gland Structure and Protein Expression at 6 to 7 PPD
Eccrine gland structure at 6 to 7 days of age was significantly more mature in appearance than the previous time points examined. The duct regions appeared to be organizing into basal and lumenal cell layers (Figs. 15, 16) . In some tissues examined, there was evidence of duct lumen formation ( Fig. 13 ). There was also evidence of the developing acrosyringium in some tissue sections ( Fig. 16 ). It was still not possible based on Figure 3 . The overlying epidermis with the coiled acrosyringium extends into the underlying dermis. HE. Figure 4 . Adult C57BL/6J mouse, case No. 2. The footpad is a series of domed structures proximal to the nail unit and along the length of the volar surface of the digit and metacarpal/metatarsal areas of the foot itself. No ridges and troughs are present, indicating that mice do not have the equivalent of fingerprints found on human and other primate digits. Gold sputter coat, scanning electron microscopy (SEM). Figure 5 . Higher magnification of the boxed area in Fig. 4 . The eccrine gland duct osteum is a small opening lined by squames. Gold sputter coat, SEM. Figure 9 . The 18.5 DPC C57BL/6J mouse, case No. 3. Mouse keratin 5 labels the stratum basale and eccrine anlagen similar to keratin 14. K5 with hematoxylin counterstain. Figure 10 . One-day-old C57BL/6J mouse, case No. 5. Developing eccrine glands in the footpads of neonatal mice express mouse-specific keratin K14 as well as basal cells. K14 with hematoxylin counterstain. Figure  11 . One-day-old C57BL/6J mouse, case No. 5. Developing eccrine glands and basal cells in the footpads of neonatal mice express keratin 5. K5 with hematoxylin counterstain. Figure 12 . One-day-old C57BL/6J mouse, case No. 5. Developing eccrine glands and basal cells in the footpads of neonatal mice express keratin 17. K17 with hematoxylin counterstain. Figure 13 . Six-day-old C57BL/6J mouse, case No. 6. Footpad epidermis and eccrine gland and duct labeled for mouse-specific keratin 14. K6 with hematoxylin counterstain. Figure 14 . Six-day-old C57BL/6J mouse, case No. 6. footpad epidermis and eccrine gland and duct (arrow; lumen of duct, arrowhead) labeled for mouse-specific keratin 5. K5 with hematoxylin counterstain. Figure 15 . Six-day-old C57BL/6J mouse, case No. 6. Footpad epidermis and eccrine gland and duct labeled for mouse-specific keratin 17. Cells are organizing into ducts (arrows) and immature secretory units and associated acini (arrowhead). K17 with hematoxylin counterstain. Figure 16 . Six-day-old mouse, case No. 6. Eccrine gland duct lining epithelia (arrow) labeled for mouse-specific keratin 6. K6 with hematoxylin counterstain. Figure 17 structural appearance to accurately and consistently discern the coiled secretory portions of the gland from the duct portions at this age.
As was expected, K1 and K10 continued to show expression solely in the stratum spinosum and granulosum of the epidermis (not shown). The pattern of K14 expression was similar to that seen in the neonatal mouse. K14 was prominent in the stratum basale of the epidermis and in the developing duct; within the entire length of developing duct, it appeared to be diffusely expressed in basal and lumenal cell layers (Fig. 13 ). K14 was also expressed in structures that appear to be differentiating into secretory units of the glands, although the cellular organization was not advanced enough to accurately make that determination (Fig. 13 ).
K5 and K17 expression patterns were similar to K14 with respect to the epidermis, with both being expressed in the stratum basale. In the developing duct, both K5 and K17 started to show a more intense expression pattern in the basal cell layers when compared to the lumenal cells, particularly in the distal duct region. This was especially true for K17 ( Fig. 15 ). Cell aggregates in the dermis that likely represented the developing secretory regions also showed a basal cell labeling pattern with the K5 and K17 antibodies (Figs. 14, 15 ). These findings in the eccrine glands were in contrast to K14, which showed a more diffuse expression pattern in the ducts. This indicates that advanced cellular differentiation in the duct and secretory coil is occurring at this age.
One significant change at this age is that K6 expression was evident in the developing gland duct (Fig. 16 ). K6 expression was limited to the lumenal cell layer of the duct, and it shows very nicely a distinction between basal and lumen cell layers at this age ( Fig. 16 ). Similar to K5 and K17, K6 expression at this age provided some evidence that cell layers within the duct are becoming mature and achieving their final fate as either basal or lumenal cells. SMA expression was apparent as a continuous band in the basal region of what are presumably the developing secretory portions of the glands (Fig. 19 ) because myoepithelial cells in the secretory acini are the only cells of the eccrine glands known to express SMA. This is further evidence of cellular differentiation and organization in the eccrine sweat gland at this age.
Mouse Eccrine Gland Structure and Protein Expression at 21 PPD
By 21 days of age, the eccrine sweat glands have all the structural characteristics of adult glands (see Figs. 1-5 for adult structural features). Coiled secretory regions were evident, and the ducts were well organized into the basal and lumenal cell layers ( Figs. 20-27 ). There was a well-developed basement membrane in the coiled portion of the duct within the dermis, and the secretory loops could be distinguished from the ductal loops based on cell morphology (Figs. 20-26 ). Similar to the findings of others, 28 only light cells appeared to be present in the secretory portion of the gland based on PAS reaction (Fig. 27) . Cells of the secretory coil therefore appeared as a distinct cuboidal monolayer sitting on the basement membrane in most sections (Fig. 27 ). In addition, the acrosyringium was readily identified as it traversed the epidermal layer of the skin (Figs. [20] [21] [22] [23] 25) . The 67-day-old mice were also examined (not shown), but no significant differences from 21-day-old mice were observed, indicating that eccrine glands are fully developed anatomically by 21 days of age.
Keratin protein expression patterns in the glands of the 21day-old mouse were generally similar to those of mice at the 6to 7-day time point. K1 and K10 were again expressed in the stratum spinosum and granulosum and did not appear to be expressed in any portion of the eccrine gland (Figs. 20, 21 ). K14 expression was still prominent in the stratum basale of the epidermis and in the ducts of the eccrine gland. The K14 antibody labeled both the basal and lumenal cell layers of the duct, and there is no clear distinction between these 2 cell layers based on K14 expression pattern in this region. By contrast, within the secretory portion of the gland, there is distinct K14 expression in the basal area that quite probably represents the myoepithelial cells based on their orientation between the basement membrane and mouse cuboidal cells ( Fig. 23 ). K14 expression by Myoepithelial cells in salivary glands cells further supports the conclusion that the cells in this area are of this type. 40 K17 expression is confined to the basal cells of both the secretory region and the duct (Fig. 22 ). This is comparable to the pattern observed at 6 to 7 days. The most notable difference was that the pattern was more distinct at 21 days, particularly in the secretory region, because the gland has matured significantly and has achieved adult architecture. This was also the case for K6 and SMA expression patterns, which showed a similar but more easily defined pattern of expression compared to that seen at 6 to 7 days of age (Figs. 19, 25 ). K6 expression was distinctly seen in the lumenal cells of the ducts (Fig. 25 ). Compared to the previous age, the antibody to SMA labeled a narrower band between secretory cells and the basement membrane that still encircles entire secretory acinar structures (Fig. 19) . This would indicate that as myoepithelial cells mature, they flatten into a nearly spindle-shaped cell (in 2 dimensions and stellate shaped in 3 dimensions) and position themselves between secretory cells and the basement membrane.
Scanning Electron Microscopy of Gland Aperture
Evaluation of the footpad surface of adult mice showed that it is generally smooth. The footpad lacked an organized ridge and crease system observed on human fingertips, and mice had nothing resembling a fingerprint at this level (Fig. 4) . Cornified cells form polyhedral plates (squames) around depressions that represent the aperture of the eccrine gland exocrine duct at the epidermal surface (Fig. 5) . The density was not measured in this study, but when compared with images from studies of human skin surface and eccrine gland apertures, 32 it appears that the density in mice is much less. Sulfur analyses by X-ray microanalysis revealed levels consistent with those of interfollicular skin but not hair fibers or nails, which were more than twice as high (not shown). 17 
Discussion
The eccrine sweat glands are widely distributed in the human body and found only in the footpads of mice as well as many other mammals. We report here the developmental pattern, structure, and keratin expression patterns of the eccrine sweat gland in the mouse using immunohistochemistry (IHC) and light microscopy as well as scanning electron microscopy (SEM).
The tactile pads in the mouse foot, which will eventually develop into the footpads in the neonatal mouse, begin developing at about stage 14.5 DPC. 12 Webbing in the digital interzone on both front and rear limbs recedes dramatically, revealing definable digits at approximately this same time . Nails begin to develop on the medial digits by about 15.5 DPC but not on the most medial digit until 17.5 DPC. These corresponding developmental events, as well as the development of eccrine gland anlagen, occur in the human at approximately 8 to 9 weeks of gestation. 9 In the mouse, we identified eccrine gland structures in footpads as early as 16.5 DPC, which is very close to embryonal day 16 (E16) when glands are reported to develop in the rat. 23 This is perhaps not surprising because this is a time in mouse fetal development when early terminal differentiation of the epidermis is occurring. 3 In addition, at 14 DPC, just prior to our observation of initiation of eccrine gland anlagen development, there is the first evidence of the expression of genes such as Eda, which are known to be important regulators of eccrine gland formation. 36 Other epidermal appendages, such as hair follicles, are also developing at this time at 15.5 DPC (TS 24). 13 At 16.5 DPC, the glands were more consistently found in pads in the proximal region of the toes examined. We hypothesize that because the distal portion of the developing digit is ''younger'' than the proximal portion, gland density would be less in the distal portion and thus might develop glands later in development. Our finding is in contrast, however, to findings Figure 20 . The 21-day-old C57BL/6J mouse, case No. 7. Mousespecific keratin 1 is expressed in the footpad epidermis but not the eccrine gland duct lining epithelia. K1 with hematoxylin counterstain. Figure 21 . The 21-day-old C57BL/6J mouse, case No. 7. Mousespecific keratin 10 is expressed in the footpad epidermis and outlines the eccrine gland duct lining but not luminal epithelia. K10 with hematoxylin counterstain. Figure 22 . The 21-day-old C57BL/6J mouse, case No. 7. Antibodies against mouse-specific keratin 17 label basal cells of the ducts (arrows) as well as the myoepithelial cells of the secretory region (inset, arrow). K17 with hematoxylin counterstain. Figure 23 . The 21-day-old C57BL/6J mouse, case No. 7. Figure 23 (continued) . Mouse-specific keratin 14 is expressed in the basal cells of the footpad epidermis, the cuboidal epithelium of the ducts, and myoepithelial cells surrounding acini (insert, arrow). K14 with hematoxylin counterstain. Figure 24 . The 21-day-old C57BL/ 6J mouse, case No. 7. Mouse-specific keratin 5 labels basal cells of the footpad epidermis and myoepithelial cells of the eccrine gland acini and ducts. K5 with hematoxylin counterstain. Figure 25 . The 21-day-old C57BL/6J mouse, case No. 7. Mouse-specific keratin 6 labels only the duct luminal epithelium. K6 with hematoxylin counterstain. Figure  26 . This is an enlargement of the boxed area in Figure 24 to illustrate expression of keratin 5 within myoepithelial cells. K5 with hematoxylin counterstain. Figure 27 . The 21-day-old C57BL/6J mouse, case No. 7. The secretory units within the dermis appear as well-structured cuboidal cell monolayers situated on a basement membrane. There is no evidence of periodic acid-Schiff (PAS)-positive staining cells in the secretory acini, the ''dark cells'' as would be seen in humans. PAS reaction.
reported in one study of human embryos where the glands were more abundant in distal finger sections in 15-week-old embryos. 21 By about 17.5 to 18.5 DPC, gland anlagen became more apparent and were more consistently identified on labeled tissue sections (Figs. [6] [7] [8] [9] . Although we could have missed glandular structures at earlier time points, this is unlikely as we used large numbers of serial sections (3 sections per protein studied), and multiple specimen replicates were examined. Furthermore, nothing in the literature contradicts our findings.
The first evidence of gland formation at 16.5 DPC was the accumulation of cells into placode-like structures just beneath the basal epidermal layer. As the embryo develops further, these areas appear to extend into the dermis, eventually becoming the duct and gland secretory acini. This is similar to what is reported in humans during the third fetal month, when ''organized local proliferations of basal cells'' 9 and ''crowding of basal cells'' have been described. 18 Our observations of gland anlagen in human tissue were similar to that reported with respect to structure and the time when anlagen were first observed. 15 The cellular proliferations forming presumptive eccrine glands are likely the result of interactions between molecular signals known to regulate skin appendage morphogenesis in the developing embryo originating from the mesenchyme and the overlying ectoderm. 3, 27 The keratin expression patterns at this age indicate that the gland is still quite immature. The absence of K6 expression, which shows a sharp distinction between basal and lumenal cells in the more mature duct, indicates a lack of cellular differentiation at this time. Although antibodies against K14 and K17 label the gland anlagen, it is possible that because the glands are developing as extensions from the basal layer of the epidermis, which also expresses K14 and K17, that these K14-and K17-expressing cells represent the basal extension, not true differentiation of the gland structure itself. Studies of human eccrine gland embryonic development indicate that the glands resemble adult structure by approximately midterm of gestation. 9, 21 We showed that eccrine gland anlagen in the mouse first appear late in gestation (assuming a normal 19-to 21-day gestation) (Figs. [6] [7] [8] [9] , and mature structure is not achieved until 21 days of age ( Figs. 20-27 ).
The eccrine glands in the neonatal mouse exhibited significant advancements in development and cell proliferation compared to those in embryonic time points, but the most dramatic structural changes were observed in 6-and 7-day-old mice. In the neonate, cellular organization revealed some early lumen development in the ducts and expansion of proximal duct regions in the dermis that will ultimately differentiate into the secretory region and coiled duct. The keratin expression profile in the neonate remained largely unchanged from the embryo. By 6 to 7 days of age, presumptive gland acini had formed, and acrosyringium was apparent. K6 expression was detectable, which seems to represent a major step forward in cellular differentiation within the duct. K17 expression also showed some gradients from proximal to distal regions of the duct. Myoepithelial cells expressing SMA were present, indicating maturation of the secretory units of the gland, but cellular organization of these regions still appears somewhat immature. Myoepithelial cells are reported to express keratins 5 and 14 and SMA in the mouse 40 and keratins 5, 17, 18, and 19 in the human. 21, 42 At this age, it is difficult to determine accurately if myoepithelial cells are expressing the keratin proteins we examined. There is expression of K5, K14, and K17 in areas maturing into secretory units, but the loose cellular organization in the secretory region makes accurate histological interpretation difficult. It can be said with certainty that by 7 days of age, keratin expression patterns in eccrine glands closely resemble that which is seen in terminally mature glands, but overall architecture and cellular organization have not achieved what is seen in the adult gland.
Eccrine glands in the 21-day-old mouse were structurally the same as glands in older adult mice 67 days of age, and there were no differences in protein expression profiles between these two ages. For these reasons, we conclude that the glands at 21 days of age, the time when mice are typically weaned from their mothers, are fully mature. As mentioned previously, this is considerably later than humans where the glands on the finger and toe tips appear to have essentially adult structure as early as 22 weeks of gestation, or approximately midterm. 21 This could be explained by the fact that in humans, eccrine sweat glands perform a vital thermoregulatory function 7 and need to be abundant and functional at birth. In mice, as well as many other species, they presumably serve only to increase tactile sensation and traction on the footpads, which are not functions necessary for survival of the animal at birth 11, 38 and therefore do not need to be as numerous and mature in early development. Furthermore, mice are altrical and relatively undeveloped at birth, as exemplified by the fact that hair fibers do not emerge from the skin until 5 days PPD and eyelids do not open until 12 days PPD. 6, 35 The levels and patterns of keratin and SMA expression are essentially the same at 7 days as they are at 21 days, whereas overall structure of the glands is significantly less mature at 7 days. This suggests that terminal protein expression patterns develop at a stage earlier than the actual maturation of the gland structure. This is in agreement with studies of human eccrine glands where it appears that major terminal differentiation protein expression in the ducts precedes complete structural maturation. 8, 21 In the present study, the most distinctive changes in protein expression patterns with increasing age were observed with K6 and K17. K6 was expressed later than the other keratins studied (days 6-7) and also appeared to serve as a reliable means to differentiate the duct region from the secretory region. K5 and K17 expression allowed some distinction between basal and lumenal cell layers in the ducts to be made, but K6 expression defined the lumenal cell layer in the duct more precisely. As such, K6 expression appears to serve as a good measure of gland structural maturity.
The appearance of the skin and eccrine gland apertures on the mouse footpad as studied by SEM is rather simple. There were no epidermal ridges or creases in the mouse footpad, as would be observed in the human. 32 The gland aperture in mice appears as irregular openings in the epidermis surrounded by squames. Compared to humans, they appear to be less numerous, which likely reflects their comparatively limited function in the mouse.
We describe here for the first time the normal development of the mouse footpad eccrine sweat glands and the expression patterns of selected keratin proteins, as well as characteristics of the aperture at the level of the epidermis. In many realms of biology, it is always important to first characterize normal structures so that one can identify abnormalities. As the world of GEMs continues to expand, the information presented here will serve as the basis for investigators to identify abnormalities in eccrine glands arising from the generation of novel genetic mutations in the laboratory mouse.
